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Abstract
Two-dimensional (2D) semiconductors have been suggested both for ultimately-
scaled field-effect transistors (FETs) and More-than-Moore nanoelectronics. However,
these targets can not be reached without accompanying gate insulators which are scal-
able into the nanometer regime. Despite the considerable progress in the search for
channel materials with high mobilities and decent bandgaps, finding high-quality insu-
lators compatible with 2D technologies has remained a challenge. Typically used oxides
(e.g. SiO2, Al2O3 and HfO2) are amorphous when scaled, while two-dimensional hBN
exhibits excessive gate leakages. To overcome this bottleneck, we extend the natural
stacking properties of 2D heterostructures to epitaxial fluorite (CaF2), which forms a
quasi van der Waals interface with 2D semiconductors. We report scalable single-layer
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MoS2 FETs with a crystalline CaF2 insulator of about 2 nm thickness, which corre-
sponds to an equivalent oxide thickness of less than 1 nm. While meeting the stringent
requirements of low leakage currents, our devices exhibit highly competitive perfor-
mance and record-small hysteresis. As such, our results present a breakthrough for
very large scale integration towards commercially competitive nano-electronic devices.
Various two-dimensional (2D) semiconductors are now considered as channel materials in
next-generation field-effect transistors (FETs), which are potentially suitable to extend the
life of Moore’s law by enabling scaled channel geometries below 5 nm. For instance, several
groups have reported FETs with graphene,1 silicene,2 black phosphorus3,4 and transition
metal dichalcogenides, such as MoS2,
5–9 MoSe2,
10 MoTe2,
11 WS2
12 and WSe2.
13,14 Excellent
transistor characteristics have already been obtained for MoS2 FETs, such as on/off current
ratios7 up to 1010 and sub-threshold swing values down to 69 mV/dec.9 Furthermore, some
attempts on circuit integration of MoS2 FETs have already been undertaken.
15,16
However, one of the major research problems of 2D technologies is their miniaturization
without considerable loss in already achieved device performance thresholds. While fabrica-
tion of competitive 2D FETs with scaled channel dimensions is already possible,17 scaling
and precise control of the insulator thickness and quality remain a challenge. Typically,
oxides known from Si technologies (e.g. SiO2, Al2O3 and HfO2) are used. These materials
are amorphous when grown in thin layers, which makes the fabrication of high-quality inter-
faces with the channel difficult. In order to address this problem, different insulators have
to be identified for next-generation 2D technologies. In particular, hexagonal boron nitride
(hBN) has been intensively discussed in the literature.18 However, hBN has a small bandgap
of about 6 eV,19 a small dielectric constant of 5.06,20 and unfortunate band offsets to most
2D materials. As scaled technologies require equivalent oxide thicknesses (EOT) below 1 nm
(corresponding to a physical thickness of below 1.3 nm in hBN), hBN will result in excessive
thermionic and tunneling leakage currents (see Supplementary Section 1). To overcome this
bottleneck, we suggest here to use epitaxially grown (and thus crystalline) calcium fluoride
2
(fluorite, CaF2) which has outstanding insulating properties even for a physical thickness of
just about 2 nm (EOT of about 0.9 nm).
Epitaxially grown CaF2 is a high-k crystalline material with a very favourable combina-
tion of dielectric properties,21 such as a high dielectric constant (ε = 8.43), wide bandgap
(Eg = 12.1 eV) and high effective carrier mass (m
∗ = 1.0m0). Also, its nearly perfectly match-
ing lattice constant (0.546 nm) with Si (0.543 nm) and similarities between the fluorite and
Si lattice structures allow growth of CaF2 layers on Si and Ge substrates using molecular-
beam epitaxy (MBE)22,23 with very high quality. Furthermore, the CaF2(111) surface is
terminated by F atoms, which makes it chemically inert and free of dangling bonds with H
passivation24 known to result in numerous reliability challenges. Owing to this, heteroepitaxy
of 2D materials on the 3D CaF2 surface is possible even for considerable lattice mismatch,
25
while leading to high-quality quasi van der Waals interface. In particular, recent studies
have reported epitaxy of MoSe2
26 and MoTe2
27 on CaF2(111) bulk substrates. This further
underlines that CaF2 is fully compatible with 2D semiconductors and thus can be considered
an extremely promising insulating material for very large scale integration of 2D devices.
Note that CaF2 is only one material out of a wide class of epitaxial fluorides.
22 Some
of these materials (e.g. anti-ferromagnetic NiF2
28 and MnF2,
29 diamagnetic ZrF2,
29 ferro-
electric BaMgF4
30) have additional fascinating properties which may revolutionize future
electronic device technologies. Nevertheless, the real potential of fluorides in modern elec-
tronic devices is still not fully exploited. For instance, previously, CaF2 films have been
mostly used as barrier layers in resonant tunneling diodes31 and superlattices,32 together
with CdF2 films. As for the use of CaF2 as a gate insulator in FETs, only a few working
transistors with 640 nm thick CaF2 and poor reproducibility were reported.
33 The consider-
able progress in MBE grown tunnel-thin CaF2 layers achieved in the last decade has revived
the idea of fluoride insulators in FETs.34
In this study we combine the epitaxial growth of CaF2 with chemical vapour deposition
(CVD) of MoS2 in a single device. In order to study the variability and reproducibility
3
of these devices, we fabricated hundreds of electrically stable single-layer MoS2 FETs with
about 2 nm thick CaF2 gate insulators. Ultra-thin CaF2 layers were deposited onto an atom-
ically clean Si(111) surface using our well-adjusted MBE growth technique23 at 250oC (for
more details see the Methods section). The growth process and crystalline quality of CaF2
were controlled in real time using reflection high-energy electron diffraction (RHEED),35 the
corresponding images are provided in Supplementary Section 2. The thickness of CaF2 mea-
sured by a quartz oscillator is 6 – 7 monolayers (ML, 1 ML = 0.315 nm), which is close to the
values measured using transmission electron microscope (TEM). The first step of transistor
fabrication consisted in formation of SiO2(5 – 10 nm)/Ti/Au source/drain contact pads using
sputtering. Then, a single-layer MoS2 film grown by CVD
36 at 750oC was transferred onto
the substrate according to the method of [37] (for more details see the Methods section)
and MoS2 channels with L and W varied between 400 and 800 nm were shaped. Finally,
additional e-beam evaporated Ti/Au layers were deposited to contact the channels. More
details about the structure of our devices can be found in Supplementary Section 3.
In Fig. 1a we show that the atomic structure of CaF2(111) is rather similar to that of
2D materials, with F-Ca-F monolayers having a thickness of 0.315 nm. This makes fluorite
a natural candidate for the integration into 2D process flows. An essential ingredient of
our devices is the virtually defect-free CaF2(111)/MoS2 interface, which is formed by the
F-terminated fluorite substrate, a quasi van der Waals gap and an atomically flat MoS2
layer (Fig. 1a). This interface is present in the channel area and under the source/drain
electrodes, as marked in the scanning electron microscope (SEM) image in Fig. 1b. In order
to verify the layer structure of our device, we cut a 70 nm thick specimen using focused
ion beam (FIB) along the line marked in Fig. 1b and performed TEM measurements. In
Fig. 1c we show a TEM image obtained for the channel area. We can clearly see the interface
between single-layer MoS2 and layered crystalline CaF2 of about 8 ML, which corresponds to
a physical thickness of about 2.5 nm. For different substrates, the number of CaF2 monolayers
varies between 6 and 8 (thickness between 1.9 and 2.5 nm). By recording electron energy
4
Figure 1: (a) Atomistic structure of the quasi van der Waals interface between F-terminated
CaF2(111) and MoS2 in the channel area of our devices. (b) SEM image of our MoS2 FET.
The black box indicates the channel area with the source/drain electrodes, where MoS2 is
on top of CaF2, as shown in (a). The red line indicates the approximate location of the cut
for the TEM sample, with two locations where the images were collected. (c) TEM image
obtained in the channel area (location 1). (d) Low resolution TEM image obtained ouside
the channel area (location 2). The structure is the same as for the contact pads, with an SiO2
isolation layer deposited on top of CaF2 and MoS2 sandwiched between two metal layers.
(e) High resolution TEM image obtained in location 2 where the CaF2 layers are visible.
(f) Gate leakage through the CaF2 layer is negligible compared to the drain current, which
underlines the high quality of our MoS2 FETs.
loss spectra (EELS, see Supplementary Section 5) at the interface between CaF2 and the
Si substrate we observe some SiO2 (less than 1 nm thick), which is formed by oxidation
5
resulting from prolonged exposure to air of our CaF2/Si substrates before device fabrication.
Taking into account thickness fluctuations23 of CaF2 and the presence of a thin thermal
oxide layer, we model the tunnel leakages measured for numerous devices and find that
the effective gate insulator thickness is about 2 nm (see Supplementary Section 4). The
layered structure of our CaF2 films is clearly visible in the TEM image obtained using low
dose imaging. Although electron irradiation is known to be destructive for CaF2 samples,
38
these investigations indicate the extremely high stability of our thin CaF2 layers, where
the desorption of F by the electron beam and subsequent formation of CaO are not as
favourable as in CaF2 bulk crystals.
38 Nevertheless, we found that TEM measurements can
destroy the Si substrate a few nanometers below the Si/CaF2 interface, which, however, only
occurs within the channel area (see Supplementary Section 5). Interestingly, outside the
channel area our sample is unaffected by TEM irradiation. There we can clearly see MoS2
sandwiched between two metal layers and an SiO2 isolation layer on top of the CaF2/Si
substrate (Fig. 1d,e). As a final verification of the properties of our 2 nm thick CaF2 insulator,
in Fig. 1f we show that the measured gate leakage is negligible compared to the drain current
of our MoS2 FET.
Figure 2: (a) ID − VG characteristics of 50 MoS2/CaF2 FETs from two different Si/CaF2
substrates. (b) Distributions of measured on/off current ratios and subthreshold swings for
these devices. (c) Some devices exhibit SS down to 90 mV/dec.
Using the process flow described above, we fabricated over 100 devices on two different
CaF2 substrates. In Fig. 2a we show the gate transfer (ID − VG) characteristics measured
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for 50 devices from both substrates. The typical on-currents vary from 1 nA to nearly 10µA,
which is likely because of the non-homogeneous nature of the CVD MoS2 film and different
effective channel widths. At the same time, the measured on/off current ratios of some
devices approach 107 (Fig. 2b), which is excellent for back-gated MoS2 FETs with a tunnel-
thin gate insulator. Note that for the devices with overall lower currents, the measured on/off
current ratios are probably underestimated due to the limited measurement resolution, which
affects the off current. At the same time, the subthreshold swing (SS) values of most devices
are smaller than 150 mV/dec, while being close to 90 mV/dec for some devices (Fig. 2b,c).
These values are among the best ever reported for back-gated MoS2 FETs. Although in these
prototypes SS∼ 90 mV/dec is achieved mostly for the devices with lower current (Fig. 2c),
several high-current devices also exhibit small SS values (e.g. Fig. 3). As such, we believe
that further optimization of CVD MoS2 FETs on epitaxial fluorides and transition to more
versatile configurations, such as top-gated devices and perhaps negative capacitance FETs
with ferroelectric fluorides,30 will lead to further improvements of these emerging devices.
Figure 3: (a) ID − VG characteristics measured for the best high current device. (b) On/off
current ratio and SS extracted at different VD. The best performance of this device is achieved
at VD = 1 V. (c) ID − VD characteristics recorded on the same device exhibit saturation.
In Fig. 3a we show typical ID−VG characteristics measured for a device which simultane-
ously exhibits high drain currents and steep SS. The best transistor performance is achieved
at VD = 1 V, with maximum measured on current about 5µA (or about 6µA/µm if normal-
ized to the channel width), on/off current ratio close to 107 and SS as small as 93 mV/dec
(Fig. 3b). The output (ID − VD) characteristics measured for different VD (Fig. 3c) also
7
show promising behaviour with a large degree of current control and saturation. All these
results confirm the promising nature of our devices and thus the high potential for further
development.
Figure 4: (a) Ultra-slow sweep ID − VG characteristics measured for our MoS2/CaF2(2 nm)
FETs and Al2O3 encapsulated MoS2/SiO2(25 nm) devices reported in our previous work.
7
(b) For comparable sweep times, the hysteresis width has to be normalized to the insulator
field factor ∆VG/dins. For our MoS2/CaF2(2 nm) devices it is smaller compared to other 2D
FETs and already close to commercial Si/high-k FETs.
Finally, we verify the electrical stability of our MoS2/CaF2 FETs by performing ultra-
slow sweep hysteresis measurements with total sweep times tsw of several kiloseconds. In
Fig. 4a we compare the ID − VG characteristics measured for our MoS2/CaF2 devices with
those of MoS2/SiO2 FETs with Al2O3 encapsulation reported in our previous work,
7 which
were found to exhibit the smallest hysteresis ever reported in 2D technologies. In addition
to comparable values of ID normalized to the channel width and considerably smaller SS for
our MoS2/CaF2 FETs, we found that the hysteresis width near Vth is about 0.2 V in both
cases. However, for a fair comparison these values need to be normalized to the insulator
field factor ∆VG/dins,
7 with ∆VG being the width of VG sweep range. While our devices with
ultra-thin fluorite operate at considerably higher insulator fields of up to 15 MV/cm (against
6.4 MV/cm for the devices with thick SiO2), their hysteresis stability is even better than
for encapsulated MoS2/SiO2 FETs and close to commercial Si/high-k FETs, not to mention
less advanced devices (Fig. 4b). This confirms both the high electrical stability of CaF2 as a
8
gate insulator and the reduced number of slow insulator traps near the CaF2/MoS2 interface.
The latter indicates that in addition to an excellent transistor performance, 2D FETs with
CaF2 are also more than competitive in terms of their reliability, which is a fundamental
requirement for commercial applications.
In summary, we have reported single-layer CVD MoS2 FETs on an epitaxially grown CaF2
insulator of record small 2 nm thinness and demonstrated that our fully scalable technology
allows fabrication of numerous transistors on a single chip. We have found that already these
prototype devices can exhibit SS down to 90 mV/dec and on/off current ratios up to 107,
which are among the best values ever reported for back-gated devices. Furthermore, we have
demonstrated that our devices are of very high electrical stability even for insulator fields of
10 – 15 MV/cm and exhibit record small hysteresis ever measured for 2D devices. All this is
due to the outstanding dielectric properties of CaF2 and its good compatibility with MoS2,
which leads to a virtually defect-free quasi van der Waals interface between these materi-
als. Together with the recent demonstration of epitaxial growth of 2D semiconductors on
CaF2(111),
26,27 our findings present a breakthrough towards enabling ultra-scaled dielectric
layers for next-generation 2D nanoelectronics.
Methods
MBE growth of CaF2 insulators
Ultra-thin CaF2 layers were epitaxially grown on weakly doped single-crystal n-Si(111)
substrates with ND = 10
15 cm−3 and a misorientation of 5 to 10 angular minutes. Before the
growth process, a protective oxide layer was formed after chemical treatment by following the
procedure suggested by Shiraki.39 Then, this layer was removed by annealing for 2 minutes
at 1200oC under ultra-high vacuum conditions (∼10−8−10−7 Pa). This allowed us to obtain
an atomically clean 7×7 Si(111) surface. After this, the CaF2 film was grown on this surface
by MBE at 250oC, which is known to be the optimum temperature to produce pinhole-free
9
homogeneous fluorite layers.23 The deposition rate of fluorite measured by a quartz oscillator
was about 1.3 nm/min. The growth processes and crystalline quality of the CaF2 layers were
monitored using RHEED with an electron energy of 15 keV (see the diffraction images shown
in Supplementary Section 2).
Device fabrication
A single-layer MoS2 film serving as a channel was grown on c-plane sapphire using the
CVD process described by Dumcenco et al .36 Namely, CVD growth was performed at atmo-
spheric pressure and 750oC using sulfur and MoO3 as powder precursors and ultra-high-purity
Ar as the carrier gas.
All lithography steps were done using E-Beam lithography. First we deposited SiO2(5–
10 nm)/Ti/Au contact pads using sputtering. An isolation with the SiO2 layer is required
to minimize parasitic leakage currents through the 15 – 20µm sized square electrodes, which
have to be so large for a reliable contact with the probe. Then 7×7 mm CVD-grown MoS2
films were transferred onto the CaF2(111) substrate with pre-shaped isolated contact pads
using the process suggested by Gurarslan et al .37 In particular, we used a polystyrene film
as a carrier polymer and dissolved it in toluene after the transfer process. The transferred
MoS2 film was subsequentily etched by reactive ion etching, in order to define the transistor
channels with L and W between 400 and 800 nm. Finally, the channels were contacted by
e-beam evaporated Ti/Au pads deposited on top of MoS2 in the contact areas. This second
layer of Ti/Au was slightly extended to contact MoS2 on top of the bare CaF2 surface.
TEM measurements
In order to achieve a high contrast in TEM measurements, the devices were covered by
a 10 nanometers thick carbon layer deposited using sputtering. After this a TEM lamella
preparation process was performed with a dual beam system. First a thicker granular plat-
inum protective layer was deposited using a focused electron beam followed by a focused ion
beam deposition. Then a TEM lamella was cut out along the channel of the device. Finally,
the samples were examined using a TEM setup at the pressure of about 10−5 Pa. During
10
the measurements, we recorded EELS spectra to verify the layer structure of our device.
Electrical characterization
Electrical characterization of our MoS2/CaF2 FETs consisted in the measurements of
ID − VG and ID − VD characteristics. These measurements were conducted using a Keithley
2636 parameter analyzer in the chamber of a Lakeshore vacuum probestation (∼5×10−6 torr)
at room temperature and in complete darkness. In order to correctly resolve the on/off
current ratio, we used the autorange measurement mode. The hysteresis of the ID − VG
characteristics was investigated by doing double sweeps with a constant sweep rate.
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1. Tunnel leakage currents through CaF2 and other in-
sulators
In Fig. S1a we show the energetic alignment of CaF2, hBN and SiO2 relative to Si and several
single-layer TMD semiconductors obtained using the band offsets known from literature.1,2
Clearly, CaF2 has a considerable advantage in terms of bandgap, which is twice as large as
that of hBN. This fact alone should lead to considerably smaller tunnel currents for the same
equivalent oxide thickness (EOT). The other parameters which affect tunnel leakages are the
dielectric constant ε, the electron and hole effective masses (me and mh, respectively) and the
conduction band offset with the Si substrate χe. The values known from the literature
2–8 for
CaF2, hBN, SiO2 and high-k oxides HfO2 and La2O3 are summarized in Fig. S1b. Using these
parameters and our well-established modeling technique,9,10 we modeled the tunnel currents
through the Au/insulator/n-Si(111) system. Our approach is based on a WKB calculation of
the tunneling probability and accounts for transverse momentum conservation9–11 in the case
of crystalline CaF2 on Si(111). As for the case of oxide insulators and hBN, the tunneling
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Figure S1: (a) Band alignment of CaF2, hBN and SiO2 relative to several single-layer TMD
semiconductors. (b) Dielectric parameters for different insulators. (c) Simulated tunnel
leakages for a Au/insulator/n-Si(111) system with EOT = 0.5 nm (left) and EOT = 1.0 nm
(right). The doping level of the substrate was ND = 10
15 cm−3. In order to maintain a proper
comparison of different insulator systems, the condition χm = χe + 0.25 eV is used for the
band offset with Au.
current is supposed to occur as if silicon were a direct-band semiconductor (otherwise a huge
difference between the Si(111) and Si(100) cases would have been predicted, which is never
observed). The results obtained for EOT = 0.5 nm and EOT = 1.0 nm are shown in Fig. S1c.
Clearly, in both cases the tunnel leakage through CaF2 is even smaller than for high-k oxides,
not to mention hBN, which is closer to SiO2 rather than to high-k materials
A. Together with
a defect-free substrate and a quasi van der Waals interface with 2D semiconductors, small
leakages through CaF2 layers with sub-1 nm EOT make this material the most promising for
scaled next-generation 2D devices.
ANote that for hBN we use the best case values of χe ∼3 eV2 and ε =5.06.3 However, this material is not
perfectly parameterized. For instance, other suggested χe values are about 1 eV smaller
12 than in Fig. S1a
and an alternative ε would be 3.76.13 As such, our model provides the results for minimum possible tunnel
leakages through hBN.
2
2. RHEED control of CaF2 epitaxy
(a) (b)
Figure S2: RHEED patterns of the Si(111) surface showing the 7×7 superstructure (a) and
a 2 nm thick CaF2 layer grown at 250
oC (b). Azimuth of the electron beam is [11¯0].
The MBE growth process and the crystalline quality of the CaF2 layers were monitored
using reflection high energy electron diffraction (RHEED)14 with an electron energy of 15
keV. In Fig. S2 we show the typical RHEED patterns obtained for atomically clean Si(111)
before the beginning of fluorite epitaxy (a) and from a deposited CaF2 layer at the final stage
of the MBE process (b). The presence of distinct reflections in the CaF2 pattern indicates its
high crystalline quality even at a comparably low MBE growth temperature of 250oC. Note
that although the use of a higher growth temperature (e.g. 750oC) would further improve the
crystalline quality of fluorite, the layer would then become non-homogeneous with a number
of pinholes.
3
3. Geometry of our MoS2/CaF2 FETs
Figure S3: (a) Schematic cross-section of our MoS2/CaF2 FETs. (b) SEM image of two de-
vices with contact pads. (c) SEM image of the channel area with marked channel dimensions.
(d) AFM image of the channel area.
In Fig. S3a we show a schematic cross-section of our MoS2/CaF2 FETs. Reliable contact
of the test devices with the probes requires contact pads as large as 15 – 20µm. However,
the CaF2 layer may contain some thickness fluctuations and local pinholes with the depth
of several angstroms, which may locally increase the tunnel leakage by orders of magnitude.
The density of these pinholes typically depends on the quality of the Si(111) substrate (e.g.
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misorientation angle, roughness, etc.) and the MBE growth parameters. It is commonly
assumed that for a well adjusted MBE process of CaF2 on Si(111) there should be less than
one pinhole per 100µm2. As such, the probability of having some pinholes under the 225 –
400µm2 sized pads is quite high, which may lead to a smaller number of functional devices.
Thus, in order to reduce parasitic leakages, the contact pads received some additional insu-
lating layer with 5 – 10 nm thick SiO2. At the same time, the contact of the SiO2 layer with
the MoS2 film is completely avoided, which is necessary to block possible charge trapping
events at the MoS2/SiO2 interface and thus make the transistor characteristics more stable.
As such, within the contact area, the MoS2 film is sandwiched between two Ti/Au layers,
in which a thin (few nanometers) Ti layer is used as an adhesion layer. A typical view of
our devices obtained using a scanning electron microscope (SEM) is shown in Fig. S3b. A
detailed SEM image of the channel area (Fig. S3c) allows to estimate the channel dimensions.
For our devices both L and W are typically between 400 and 800 nm. However, the CVD
MoS2 film contains some imperfections, which may lead to different effective channel widths
for different devices. Within the channel area, the MoS2 film is just on top of the CaF2
insulator. As shown in Fig. S3d, the channel area of our devices can be also nicely resolved
using atomic-force microscope (AFM).
4. Estimation of the effective gate insulator thickness in
our MoS2/CaF2 FETs
Taking into account that thickness fluctuations may be present in tunnel-thin CaF2 films,
15
the effective thickness of the insulator can be different from the physical thickness which
can be visually seen in TEM images. For a qualitative estimation of the effective thickness,
we theoretically model the tunnel leakages and compare the results with our experimental
data. First we model the tunnel leakages through Au/SiO2/CaF2/n-Si structures which
form our contact pads. In Fig. S4a we show that already for a SiO2 thickness of 3 nm the
5
Figure S4: (a) Simulated tunnel leakages for Au/SiO2/CaF2/n-Si(111) structures rep-
resenting the contact pads of our MoS2 FETs. (b) Simulated tunnel leakages for
MoS2/CaF2/SiO2/n-Si(111) structures representing the channel and experimental data mea-
sured for 17 devices. It appears that the effective thickness of our gate insulator is about
2 nm, which roughly corresponds to 1.5 nm of CaF2 and 0.3 – 0.7 nm of SiO2 due to oxygen
penetration.
leakage becomes negligible, while an increase of the insulator thickness by 1 nm leads to
a decrease of the tunnel current by about 5 orders of magnitude. As such, our 15–20µm
sized contact pads with 5 – 10 nm SiO2 can not contribute to the measured tunnel leakage.
This means that the measured gate current is mostly given by the tunnel leakage within the
channel area. The corresponding modeling results are shown in Fig. S4b. Based on our TEM
measurements, we assume that the physical thickness of CaF2 is 7 ML (1 ML=0.315 nm),
which is about 22 A˚. The root mean square (rms) amplitude of fluctuations σ measured
for this fluorite thickness using atomic-force microscope (AFM)15 is about 2.7 A˚. This gives
an effective thickness (deff = dphys − σ2, all values in angstroms) of CaF2 deff ∼ 1.5 nm. In
agreement with our previous observations,16 ambient storage of CaF2 films grown on Si leads
to some oxidation at the CaF2/Si interface, since oxygen is able to penetrate through the
thinnest places in the CaF2 layers. As a result, a thin SiO2 layer is formed underneath CaF2.
While previously we observed this oxidation as a decrease of the tunnel currents after several
months of device storage B, in this study the presence of the thin SiO2 layer was confirmed by
TEM measurements (see Fig. S5c). As such, in our model we assume MoS2/CaF2/SiO2/n-Si
BOur MoS2 FETs were fabricated after 8–12 months following the epitaxial growth of CaF2.
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structures and vary the thickness of SiO2. Fitting of our modeling results with the tunnel
gate currents measured for numerous devices in Fig. S4b allows us to conclude that the
effective thickness of the SiO2 oxidation layer is about 0.3 – 0.7 nm. Therefore, the total
effective thickness of the gate insulator in our MoS2 FETs is about 2 nm. Note that the
oxidation layer underneath CaF2 does not affect the device performance, since it is far away
from defect-free CaF2/MoS2 interface.
5. EELS analysis and sample degradation during TEM
In Fig. 5Sa we show the TEM image measured at the beginning of our study. We observe
that already during the first measurement the TEM irradiation leads to a partial damage of
Si substrate a few nanometers below the Si/CaF2 interface. The origin of this issue is not
clear yet, but could be a chemical modification of Si (e.g. by acetone penetrating through
CaF2 during MoS2 transfer). Additionally, this damaged region is less stable with respect
to irradiation. In particular, this damage appears only in the areas where MoS2 is right on
top of CaF2. However, it does not appear away from the channel, where CaF2 is isolated
by sputtered SiO2. After two more minutes of irradiation and focusing of the beam, the
damaged area expands considerably (Fig. 5Sb). Nevertheless, the Si/CaF2 and CaF2/MoS2
interfaces remained stable enough to allow for recording an electron energy loss spectrometry
(EELS) line scan employing the scanning mode of the TEM. In this situation a low dose
electron beam is focused and scanned along the line shown in Fig. 5Sb. In each position an
EELS spectrum is recorded, thus having a spatial resolution of 0.5 nm. As shown in Fig. 5Sc,
the EELS profile clearly confirms the layered structure of our device, though the measured
thickness is broadened by an unknown factor K due to the non-planar surface. Also, the
presence of the thin SiO2 layer at the Si/CaF2 interface is clearly confirmed by observation
of the fine structure of the S-L ionization edge at the respective position of the linescan. This
thin oxide layer appears as a result of several months of storage of the Si/CaF2 substrates
7
Figure S5: (a) TEM image obtained at the beginning of our measurements. The Si substrate
is damaged by TEM a few nanometers below the CaF2/Si interface. (b) TEM image obtained
after 2 more minutes. The damage of the Si substrate is progressing. However, the features
of the Si/CaF2/MoS2/Ti structure can be clearly resolved. (c) The cross-sectional EELS
spectrum measured along the line marked in (b) confirms the layer alignment and suggests
the presence of a thin SiO2 layer at the Si/CaF2 interface. (d) EELS spectra of each particular
material detected.
before device fabrication and has been accounted for in the model above. Interestingly, in
the damaged area the Si signal drops, which confirms the removal of the material by TEM
irradiation. The EELS spectra of all the materials detected are shown in Fig. 5Sd and agree
well with their reference shapes from the EELS atlas.
8
Figure S6: TEM images of the channel measured with high electron dose rate. Images a-d
are taken within 4 minutes, which is enough to destroy the channel completely.
Finally, we record TEM images of the channel with an illuminated area of about 75 nm in
diameter, a beam current of 26 nA giving an electron dose rate of 3.7×107 electrons/s/nm2,
which is at least an order of magnitude larger than for all our previous TEM measurements.
As shown in Fig. S6, already the first measurement with such a high electron dose rate leads
to a complete amorphisation of CaF2 and partial damage of MoS2. A further increase of
irradiation time leads to a severe damage of the Si substrate, and after about 4 minutes
all layers are completely destroyed (Fig. S6d). These results confirm that TEM is in general
destructive for MoS2/CaF2 FETs and reasonable results can be obtained only with moderate
electron dose rates.
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